F
or more than 40 years, nephrologists have classified diminished kidney function as two distinct syndromes -acute and chronic kidney failure. Whereas chronic kidney disease was recognized in the 19th century, acute renal dysfunction became evident during the London Blitz of World War II, with the realization that crush injuries could cause dramatic but often reversible cessation of renal function. The disease states and stages of both acute and chronic renal syndromes are delineated according to the serum creatinine concentration or the glomerular filtration rate (GFR), functional markers that were identified in the early 20th century. 1 Advanced renal impairment in both syndromes is treated with dialysis.
During the past decade, separate conceptual models for chronic kidney disease 2 and acute kidney injury 3 were developed to facilitate organized approaches to clinical research and trials. However, recent epidemiologic and mechanistic studies suggest that the two syndromes are not distinct entities but rather are closely interconnected -chronic kidney disease is a risk factor for acute kidney injury, acute kidney injury is a risk factor for the development of chronic kidney disease, and both acute kidney injury and chronic kidney disease are risk factors for cardiovascular disease (Fig. 1) . 4 
DEFINITION OF ACU TE K IDNE Y INJUR Y
Until 2004, acute renal failure was generally defined, with some variations, as a sudden increase in the serum creatinine concentration, often accompanied by decreased urine output. 3 A time-honored differential diagnosis included prerenal azotemia, postrenal urinary tract obstruction, and intrinsic renal diseases (usually categorized anatomically), including renal vascular disease, glomerulonephritis, acute interstitial nephritis, and acute tubular necrosis. 3, 5 Recently developed consensus functional definitions on the basis of specific changes in the serum creatinine concentration and urine volume now complement anatomical approaches to diagnosis. 3, 6 These definitions have standardized the study of acute kidney injury, 6 allowing the classification of patients into subgroups with graded outcomes (Table 1) . However, these definitions do not incorporate in the diagnostic schema the importance of the various causes of acute kidney injury (e.g., prerenal azotemia vs. intrinsic acute kidney injury). 3 Potential biomarkers to predict risk, diagnosis, prognosis, and therapeutic response in patients with acute kidney injury are being identified and evaluated in clinical studies. Despite some progress, the promise of biomarkers that can be used to classify and stratify patients according to risk has not yet been achieved. 3, 4 comes, and long-term outcomes. 3, 4, 7 Estimates of the prev alence of acute kidney injury ranged widely before classification systems for acute kidney injury were adopted (from 1 to 26%) 3-5 owing to differences in definitions (based on billing codes from the International Classification of Diseases, 9th Revision; the patient's need for dialysis; or the evaluation of specific high-risk groups, such as patients in critical care or surgical units or those with sepsis). [8] [9] [10] Nonetheless, large epidemiologic studies confirm that the incidence of acute kidney injury in the general hospitalized-patient population is increasing, perhaps more than doubling. 11, 12 Multiple risk factors for acute kidney injury are now known to include advanced age, diabetes mellitus, and black race (Fig. 1) . [11] [12] [13] Similar risk factors have been identified for chronic kidney disease. 2 However, the most important risk factor for acute kidney injury is preexisting chronic kidney disease, which increases risk by as much as 10 times, as compared with the absence of chronic kidney disease. 11, 12, 14 In-hospital mortality is extremely high among patients with acute kidney injury, with death often assumed to occur primarily in patients requiring dialysis. 5 However, observational studies have shown links between small increases in the serum creatinine concentration and nonlinear increases in the risk of adverse short-term and long-term outcomes among patients with or without chronic kidney disease. 4, 15, 16 For patients who recovered renal function after acute kidney injury, the common belief was that long-term outcomes were benign. 4, 17 However, since 2008, multiple observational studies have shown a strong reproducible association between acute kidney injury, including mild cases, and the subsequent development of chronic kidney disease. 4, 11, 18 Such observational studies have consistently shown that a substantial proportion of patients with acute kidney injury, even those without previous kidney disease, often recover some degree of renal function but then have progression to advanced stages of chronic kidney disease. 4, 11, 13, 18 Observational studies have shown that acute kidney injury leads to new chronic kidney disease, the progression of existing chronic kidney disease, an increased long-term risk of end-stage renal disease (ESRD), and excess mortality. 4, 11, 18, 19 Acute kidney injury may lead to chronic kidney disease regardless of the cause of the acute injury. For example, an observational study showed an association between the diagnosis of preeclampsia and the later development of ESRD. 20 In a study involving hospitalized Medicare beneficiaries, acute kidney injury was associated with a risk of ESRD that was 13 times as high as the risk among patients without acute kidney injury, and the risk of ESRD was 40 times as high if the patients had both acute kidney injury and preexisting chronic kidney disease. 11 In another study, after adjustment for potential confounders such as the presence of diabetes and a low estimated GFR at baseline, acute kidney injury necessitating dialysis was independently associated with a risk of stage 4 or 5 chronic kidney disease that was 28 times as high, and a risk of death that was more than twice as high, as the risks among hospitalized patients who did not require dialysis. 21 In a Canadian study involving patients with acute kidney injury who required in-hospital dialysis and survived without dialysis for at least 30 days after discharge, the risk of ESRD was 3 times as high as the risk in a matched cohort, but there was no increased risk of death. 19 Amdur presence of necrotic or regenerating tubule cells on biopsy. 22 Patients with acute tubular necrosis without preexisting chronic kidney disease had more rapid progression to stage 4 chronic kidney disease than did patients with acute kidney injury in whom acute tubular necrosis was not diagnosed. Patients with either chronic kidney disease or acute tubular necrosis had higher mortality than did a matched sample of seriously ill hospitalized patients without acute kidney injury. Several findings suggest that acute kidney injury not only is directly linked to the progression of chronic kidney disease but causes chronic kidney disease as well. First, the increased severity of acute kidney injury is associated with the development of chronic kidney disease. 13, 18, 23 Second, multiple episodes of acute kidney injury predict the development of chronic kidney disease. 24 Third, chronic kidney disease has been reported in children who had acute kidney injury who did not have coexisting conditions such as hypertension, diabetes, or cardiovascular disease. 25 Finally, acute kidney injury is independently associated with outcomes of chronic kidney disease, after accounting for risk factors for chronic kidney disease, such as diabetes and hypertension, which strengthens the case for primary pathogenic links between the conditions rather than associations due to confounding. 4, [11] [12] [13] 19, [21] [22] [23] Much is unknown regarding the long-term course of acute kidney injury, such as the roles of age group (neonatal, pediatric, or elderly), the clinical setting in which acute kidney injury occurs (outpatient, intensive care unit, or general ward), the cause of acute kidney injury (ischemia, nephrotoxin, or sepsis), specific renal diseases (e.g., acute interstitial nephritis and renal vascular disease), and the severity of initial and ongoing injury (prerenal azotemia vs. acute kidney injury vs. acute kidney injury necessitating dialysis) in determining clinically meaningful outcomes. For example, older patients are particularly susceptible to both the development of sepsis and acute kidney injury. 11, 26, 27 Although sepsis is an important common etiologic factor in the development of acute kidney injury, relatively little is known about the longterm course of patients who have acute kidney injury after sepsis and survive. 9, 28 
ACU TE K IDNE Y INJUR Y, CHRONIC K IDNE Y DISE A SE , A ND C A R DIOVA SCUL A R DISE A SE
In addition to being associated with chronic kidney disease, acute kidney injury is linked to the development and treatment of cardiovascular disease (Fig. 1) . 29 A strong association between chronic kidney disease and an increased risk of cardiovascular events is well documented. 30, 31 Patients who survive an episode of acute kidney injury are also at risk for major adverse cardiovascular events, as well as for progression to chronic kidney disease, regardless of whether there is underlying cardiovascular disease. 4, 29 Patients with acute kidney injury after coronary angiography are at risk for hospitalization for cardiovascular causes, myocardial infarction, and vessel reocclusion; the severity of acute kidney injury has been associated with hospitalization for heart failure. 29, 32 Acute kidney injury is associated with higher rates of death or subsequent hospitalization for stroke, heart failure, or myocardial infarction than the rates associated with previous myocardial infarction. 33 The increased risk of cardiovascular events after an Baldwin and colleagues in a series of studies first proposed that the progression of chronic kidney disease might occur by means of processes independent of the initiating acute pathologic disorder or injury. 35 Cascading mechanisms associated with progressive injury include the effects of systemic and intrarenal hypertension and glomerular hyperfiltration, tubular hypertrophy and atrophy, tubulointerstitial fibrosis, progressive glomerular sclerosis, arteriosclerosis, genetic susceptibility, and the disordered humoral responses that are associated with chronic kidney disease. 4, 27, 36 Some pathologic processes (evaluated primarily in animal models) that persist after acute kidney injury are similar to those that have been thought to cause the progression of chronic kidney disease. Endothelial injury, as part of tubulointerstitial damage, and vascular dropout may engender vicious cycles of tissue hypoxia and ischemia, in turn affecting renal cellular function. 37 The combination of vascular insufficiency, glomerular hypertension, and interstitial fibrosis is a pernicious set of self-reinforcing mechanisms that perpetuates injury, dampens repair, and causes progressive tissue damage (Fig. 2) . 4, 27 Other factors initiated by acute kidney injury include dysregulated apoptosis; abnormal cellular responses including those of epithelial cells, pericytes, myofibroblasts, and infiltrating immune and bone marrow cells; failed differentiation and sustained proinflammatory profibrotic signaling; progressive capillary loss; perturbation of normal cellcycle mechanisms; and epigenetic changes within renal epithelial and interstitial cells (Fig. 2) . 27, [38] [39] [40] [41] [42] Fibrosis may continue after acute kidney injury resolves, presumably because fibrogenic cells do not return to their resting state 38, 40, 43 owing in part to epigenetic factors. 38 Some of these maladaptive processes are exacerbated by highsodium and high-protein diets. 27, 44 However, the role of individual cell types in kidneys, during ongoing stages of injury or recovery, in the complex in vivo microenvironment in humans is not completely understood. 42, 45 The course of renal disease after an episode of acute kidney injury is determined by the extent of the decrement in GFR, the reversibility of the injury, and the temporal balance among effective and maladaptive repair and regenerative mechanisms. 4, 27 Repetitive insults may cause worsened long-term outcomes. 24,46,47 Cell-cycle mechanisms and mediators such as heme oxygenase 1, hypoxia-inducible factors, vascular endothelial growth factor, and transforming growth factor β1 have been identified as protective factors in acute kidney injury, but some also may contribute to the development of chronic kidney disease. [47] [48] [49] [50] The chronic dysregulation of such factors and the complex interactions between their expression and counterregulation over time may determine the character and extent of fibrotic responses 27, 38, 40, 42, 50 (Fig. 2) . The roles of these factors, as well as the roles of vasoactive mediators and mediators of progressive fibrosis such as transforming growth factor β, are only beginning to be delineated in animal models. These mechanisms all have the capacity to interact, synergistically accelerating loss of function. Many of the mechanisms implicated in the development and progression of chronic kidney disease and cardiovascular disease after an episode of acute kidney injury may be targeted by conventional therapies. 26, 27, 50 
CHRONIC K IDNEY DISE A SE A S a R ISK FAC T OR FOR ACU TE K IDNEY INJUR Y
The clinical consequences of acute kidney injury superimposed on chronic kidney disease, or acute-on-chronic renal failure, have been recognized but poorly evaluated. 51 Patients with chronic kidney disease may be at risk for the development of transient decreases in renal function consistent with acute kidney injury. The mechanisms by which these decreases occur include failure of autoregulation, abnormal vasodilatation, susceptibility to antihypertensive agents, and side effects of medication (with drugs such as diuretic agents, antihypertensive agents, including inhib- itors of the renin-angiotensin-aldosterone system, and nephrotoxins). Age-related physiologic changes, including the decline of GFR that occurs in most people who are older than 50 years of age and the loss of renal reserve, may also place older patients at risk for acute kidney injury. 4, 26, 52 Congestive heart failure, which is often present both in patients with acute kidney injury and in those with chronic kidney disease, may be associated with acute changes in renal function. The heart undergoes progressive molecular alterations similar to those that occur in the kidney after injury. 4, 27, 53 The roles of normal and abnormal physiological responses in patients with acute kidney injury and chronic kidney disease, including unanticipated results of conventional therapies, in mediating long-term adaptive and maladaptive outcomes in humans is largely unknown but must be evaluated. In animal models, chronic kidney disease dramatically increases the severity of sepsis and sepsis-induced acute kidney injury by altering the pathophysiological pathways and drug targets (e.g., vascular endothelial growth factor and the high-mobility group box 1 protein). 54 It would be useful to have tissue and other samples from well-characterized patients with various types of acute kidney injury to test key hypotheses regarding the role of specific gene expression and translation, as well as epigenetic changes, in acute kidney injury. 38, 43 Furthermore, the role of the uremic milieu in the entwined pathogenesis of acute kidney injury and chronic kidney disease remains elusive.
UNA NS W ER ED QUES TIONS
The long-term outcomes of acute kidney injury have not been well documented. Numerous biases regarding methods of selection and ascertainment have hampered approaches in observational studies that have used administrative databases. 4 Patient-level data suggest that the trajectories of chronic kidney disease may be influenced by episodes of acute kidney injury but in a complex manner that renders modeling difficult. 55 The Assessment, Serial Evaluation, and Subsequent Sequelae of Acute Kidney Injury (ASSESS-AKI) study is prospectively evaluating long-term outcomes in hospitalized patients, with or without chronic kidney disease, after an episode of acute kidney injury, to determine the natural history of acute kidney injury and delineate the risk factors for progression and for the development of complications, including cardiovascular disease, and the associations between putative biomarkers and long-term outcomes. 56 Observational data suggest that few patients with acute kidney injury receive follow-up assessments by generalists, cardiologists, or nephrologists after hospital discharge. 14 Patients with acute kidney injury should have periodic assessment of renal function and the urinary albuminto-creatinine ratio to assess prognosis and outcome after discharge.
The appropriate treatment for patients who survive an episode of acute kidney injury, regardless of whether they have chronic kidney disease, is unclear. Reasonable therapeutic approaches to patients who do not have preexisting kidney disease but do have evidence of renal injury include, first, "do no harm," by avoiding nephrotoxic medications, including nonsteroidal antiinflammatory drugs and radiocontrast agents. In addition, we need to determine the appropriate treatment for important risk factors for chronic kidney disease such as diabetes and hypertension. The preventive use of inhibitors of the renin-angiotensin-aldosterone system, lowsodium diets, or both should be evaluated in such patients. 2-4 However, we do not know whether these therapeutic approaches ameliorate or worsen outcomes in patients with acute kidney injury or in those with combinations of acute kidney injury and chronic kidney disease.
Patients who have had acute-on-chronic episodes of acute kidney injury and chronic kidney disease should be followed by primary care physicians as well as nephrologists to ensure the highest standards of care. 4, 22, 51 Results from previous trials of dialysis and pharmacologic therapies in patients with severe acute kidney injury that have focused on diverse vascular, regeneration, and inflammatory targets have not generated useful, clinically meaningful therapies. 3 Intertwined molecular pathways are involved in repair, regeneration, and maladaptive responses, which may culminate in fibrosis. Studies in animals regarding the pathophysiological features of acute kidney injury and potential therapies generally have not considered the multiplicity of responses simultaneously in experimental evaluations. Signals that are protective in early stages may promote damage or impede repair later in the course of acute kidney injury, 39, 47, 48, 50 suggesting the need for therapies that act at the correct location at the right time. Current studies are evaluating the protective effects of antiinflammatory drugs, small interfering RNAs, remote ischemic preconditioning (i.e., a brief period of ischemia in distant tissues, followed by a short interval of reperfusion), and mesenchymal stem cells. 57 New approaches that are currently being developed may allow the selective targeting of cellular therapy, increasing the locally active renal dose without increasing systemic side effects, to allow even the rescue of established acute kidney injury. Such exquisite control, however, may be quite difficult to achieve with discrete single-agent therapies and may require broad-acting agents targeting final common pathways. Unfortunately, the set of mediators of cellular processes of these complex responses to injury are not yet available for clinical trials. During the coming decade, translational scientists and clinical-trial investigators will be challenged to determine the dose and timing of drug intervention and the clinical characteristics of patients who will have a response to such therapies.
We need new therapeutic approaches to acute kidney injury, evidence from well-designed, controlled prevention trials, and trials in specific patient populations. Attention to the stage, duration, and clinical setting of acute kidney injury in conjunction with coexisting conditions is essential for future interventional research and clinical observation studies. Developing proteomic and metabolomic approaches to diagnosis and prognosis, improving the phenotyping of patients with acute kidney injury (including complex clinical, environmental, and pharmacologic interactions), determining genetic links with disease susceptibility and outcomes, and assessing, characterizing, and validating fit-for-purpose biomarkers and functional stress tests in observational and clinical trials may enhance studies and aid the translation of basic science results to bedside therapeutic approaches in order to improve outcomes in patients with acute kidney injury in the presence or absence of chronic kidney disease.
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